We report the synthesis of Co 2+ substituted Mg-Cu-Zn ferrite via citrate gel combustion process and thereby its structural, transport, and magnetic properties for the use in electromagnetic energy absorption application. The polycrystalline ferrite system is investigated by interplay of stoichiometric composition with Mg 0.25-x Co x Cu 0.25 Zn 0.5 Fe 2 O 4 (0 ≤ x ≤ 0.25). Structural investigations using X-ray diffraction (XRD) and selected area electron diffraction (SAED) reveal the formation of spinel structure with linear growth of lattice constant due to Co 2+ substitution. The microstructural analysis (TEM and SEM) depicts the dense microstructure with the average grain size of 0.42-1.25 µm. The elemental analysis (EDS) confirms the elemental composition of the as-prepared ferrite with respect to the initial concentrations of the synthetic composition used. The observed variations in initial permeability ( i  ) and magnetic moment ( ) are explained based on deviation in saturation magnetization ( s B n M ), anisotropy constant ( 1 K ), density values, and exchange interaction. The temperature dependence of DC resistivity confirms the semiconducting behavior of the as-prepared ferrite material, with an increase in the DC resistivity by an incorporation of cobalt. Furthermore, the effects of adding Co 2+ on the Curie temperature, frequency dependent dielectric properties of the ferrite material are also discussed.
Introduction


Modern technology can be considered as a direct consequence of the innovations made and research carried out in the fields of science and engineering.
Experimental details
wireless phones, home appliances, Wi-Fi systems, AC systems, and many more. Therefore, there is an imperative call for the development of electromagnetic wave absorbers with wider absorbing bandwidth [1] [2] [3] [4] [5] [6] [7] . By an impedance match of absorber, electromagnetic effect can be nullified through heat dissipation by magnetic and dielectric losses [8] .
Spinel ferrites stand as promising candidates for absorbing electromagnetic energy in VHF/UHF region due to their characteristic features of large magnetic losses (in the range of 155-920 kW/m 3 ) and large resistivity (3×10 6 Ω·m) [9] [10] [11] . Among the various spinel ferrites, Ni-Cu-Zn ferrites were intensively studied due to their high resistivity, low dielectric loss, high Curie temperature, and excellent microwaveabsorbing properties [12] . However, Ni-Cu-Zn ferrites are still facing certain inherent problems like sensitivity to stress, high magnetostriction constant, and carcinogenic nature of nickel [13, 14] . As an alternative to Ni-Cu-Zn ferrites, Mg-Cu-Zn ferrites have attracted researchers' attention due to their fascinating properties, such as high resistivity, relatively high Curie temperature, high mechanical hardness, low production cost, environmental stability, and pertinent magnetic material [15, 16] . Cobalt ferrite nanopowders are the subject of much interest due to their electrical and magnetic properties compared to their bulk counterparts [2] . Co 2+ is a fast-relaxing ion which can enhance microwave properties. It is the anisotropic ion responsible for the magnetic response time. These properties along with their physical and chemical stability make them suitable for applications in magnetic recording, as magnetic fluids, and for magnetic drug delivery.
Several synthetic routes were employed for the development of aforementioned mixed ferrite system, namely sol-gel [17] , hydrothermal [18] , mechanochemical [19] , and auto-emulsion [20] methods. Here, we adopt simple and straightforward strategy of developing Co 2+ substituted Mg-Cu-Zn ferrite using citrate gel auto-combustion route. The route is more promising over the other preparative techniques, due to fine control over the stoichiometry, homogeneity, elemental composition, and morphology of the final compound. In the present work, the investigation is aimed to develop the ferrite material (Mg 0.25-x Co x Cu 0.25 Zn 0.5 Fe 2 O 4 (0 ≤ x ≤ 0.25)) and characterize its structural, morphological, electrical, and magnetic properties for electromagnetic wave absorbing application. The intentions of using fuel-rich composition (3:5) are: (i) the fuel (citric acid) serves as a complexing agent, which limits the precipitation of individual precursor moieties prior to ignition. Due to its higher concentration in the synthetic mixture and specific chemical nature, the homogeneity in the reaction is enhanced widely, which is important in the present complex-material fabrication; (ii) to prevent from agglomeration; and (iii) importantly, in order to have a controlled and complete heat of combustion [21] .
The introduction of Cu 2+ in the present ferrite system leads to considerable densification (94%) of theoretical density. This increase in density may be attributed to: (i) the acceleration of cation interdiffusion due to Cu 2+ ions, and (ii) the increase in the reactivity of fine ferrite grains which coalesce to form bigger grains, reduced pores, and volume shrinkage. Therefore, in the present system, the Cu content was kept constant at 25 at%.
Once the chemical constituents were well mixed in appropriate amount of distilled water, the precursor solution was heat treated at 100 ℃ , till it got converted into gel. The resultant gel was continued to heat treat at higher temperature (150-200 ℃). The viscous gel began frothing and eventually after water evaporation, the gel started exhausting into fast flameless auto-combustion reaction with the evolution of large number of gaseous products after which it got www.springer.com/journal/40145 J Adv Ceram 2018, 7(3): 207-217 209 was used to study the magnetization measurements of the ferrite samples, and the magnetic hysteresis loops were obtained with an applied magnetic field of 20 kOe. The double coil set up [24] was used to study the susceptibility measurements on powders of ferrite samples. The inductance measurements were carried out on toroidal shape samples of ferrite from room temperature to 350 ℃ at 1 kHz using an impedance analyzer (Hioki Model 3532-50 LCR HiTester, Japan). Also, the frequency dispersion of initial permeability ( i  ) was studied in frequency range of 100 Hz to 5 MHz at room temperature. The initial permeability of the ferrite samples was calculated using the inductance data and the standard formula for initial permeability [23] . The dielectric measurements at room temperature were carried using LCR-Q meter (HP 4284). The temperature variation curves of susceptibility and initial permeability were referred for the determination of the Curie temperature values.
ignited. The obtained powders were calcinated at 500 ℃ for 2 h to remove the traces of unreacted leftovers, and retain the pure ferrite material. The powders were then made into pellets (15 mm in diameter and 2 mm in thickness) and toroids (inner diameter = 1.5 cm, outer diameter = 2.5 cm, average height = 0.3 cm) with hydraulic pressing machine (pressure = 1.5 ton/cm 2 , binder: PVA). In the end, both pellets and toroids were sintered at 700 ℃ for 2 h in air.
2 Characterization
Crystallographic identification of as-prepared ferrites was done using XRD analysis (Bruker D8 advance, Karlsruhe, Germany). The XRD signatures were obtained using Cu Kα (λ = 1.5405 Å) radiation at 2θ values between 20° and 80°. The interplanar distance d was calculated using Bragg's law. The lattice constant a of ferrite samples was calculated using the formula for interplanar spacing (311) peak. The lattice constant (a), crystallite size (t), bulk density, X-ray density, and relative density values of all the compositions are tabulated in Table 1 . The crystallite size varies from 47 to 51 nm. The observed variation in crystallite size of Co 2+ substituted Mg-Cu-Zn ferrites supports the observed lattice constant variation results. Relative density increases with Co 2+ substitution, exhibiting maximum (93%) for x = 0.05. As magnesium has lower atomic weight (24.30 amu) than cobalt (58.93 amu), the relative density of the sample without Co doping (x = 0) is observed lower than that of Co doping (x = 0.25) sample. Further, X-ray density of all the ferrite samples is higher than the corresponding bulk density, due to the existence of the voids and pores [25] . The irregularity in the particle size is observed due to adopted synthesis strategy. At the ignition point, large amount of heat is generated and combustion takes place. The heat generated is quite large for few seconds, and completes the reaction. Hence, due to short lived combustion reaction, there is formation of irregular/ agglomerated size magnetic fine particle clusters.
2 Morphological properties
The microstructure analyses of as-prepared ferrites were done using SEM and TEM. The formation of compact microstructure is observed for the Co 2+ substituted ferrite samples (Fig. 2) . However, the control experiment (x = 0) shows the imperfect network formation (Fig. 2(a) ). The average grain size (D) was determined using the line intercept method (Table 1) . Enhancement in the grain size is observed with the addition of Co The presence of copper strongly affects the microstructure of the ferrite sample because it facilitates the liquid phase sintering. The grain growth can be considered as competition between the driving force for grain boundary movement and the retarding force exerted by pores [26] . During sintering, the thermal energy generates a force that drives the grain boundaries to grow over pores, thereby decreasing the pore volume and making the material dense. If the driving force on each grain is homogeneous, then the uniform distribution of the grain size takes place. However, if the driving force is nonhomogenous, then abnormal grain growth will occur. The non-uniformity of the grain size in the present study is due to the nonhomogeneous driving force on the grains [27] . Moreover, another possibility for the formation of liquid phase will be the adopted synthesis strategy. During the combustion reaction, the temperature of the reactants reaches ~1000 ℃ for short time (few seconds), which undoubtedly facilitates the liquid phase formation. However, the obtained microstructure of the developed material is useful for attaining good electromagnetic properties like permeability and magnetization. Figure 3 shows the EDS spectra for Mg 0.25-x Co x Cu 0.25 Zn 0.5 Fe 2 O 4 ferrite with x = 0.20, which confirms the presence of its constituents. The corresponding EDS data is tabulated in Table 2 .
In addition to SEM analysis, particle size ( 1 t ) and nanostructure of Co 2+ substituted Mg-Cu-Zn ferrite nanoparticles were examined through TEM (Fig. 4) . The images are self-explanatory of particle aggregation. The aggregates are the result of cumulative effect of surface tension by magnetostatic interactions amongst the particles [27] . However, the ferrite sample with x = 0.25 exhibits spherical shape. The maximum particle size (547 nm) is observed for the sample with x = 0.05. The particle size measured from TEM studies is in consistent with XRD analysis. The SAED pattern (Fig. 4) confirms the presence circular bright spots (ring structure) corresponding to various planes as represented in XRD pattern and confirms the polycrystalline nature of the ferrite samples. The room temperature DC resistivity is found to increase with the substitution of cobalt. The maximum DC resistivity is observed in the ferrite sample with x = 0.10. In the compositional substitution for x = 0.10, the change in the cationic distribution would be more, resulting in higher resistivity values. Moreover, the conduction in the ferrites is attributed to the hopping of electrons from Fe 3+ concentration might be increased, resulting in higher resistivity.
3 Transport property
4 Dielectric properties
The dielectric constant measurements were carried out in the frequency range from 100 Hz to 1 MHz. Fig. 6(a) . For all the ferrite samples, the dielectric constant decreases rapidly with an increase in frequency, and finally remains constant at higher frequencies, showing the ferrimagnetic character. The incorporation of Co 2+ into Mg-Cu-Zn ferrites has significantly affected the dielectric constant and at higher frequency dielectric constant exhibits composition independent behavior.
The frequency dependent dielectric constant guides the electrons in the direction of the applied field, and thereby polarization. Beyond a certain frequency limit, electron exchange Fe 2+ ⇔ Fe 3+ cannot follow the alternating field. This gives rise to decrease in polarization with increasing frequency up to optimum and attains the steady state. The large value of dielectric constant at lower frequency is due to the predominance of Fe 2+ ions, interfacial dislocation piles, oxygen vacancies, grain boundary defects, etc. [28] , while the decrease in dielectric constant with frequency is because all the above contributing factors to polarizability lag the applied field at higher frequencies.
The complex dielectric constant (   ) as a function of frequency for Mg 0.25-x Co x Cu 0.25 Zn 0.5 Fe 2 O 4 (0 ≤ x ≤ 0.25) ferrites is shown in Fig. 6(b) . For all the samples, complex dielectric constant decreases initially with increase in frequency and reaches a constant value at higher frequency. After further increase in frequency, samples respond independently to frequency variation. This behavior is due to the existence of MaxwellWagner interfacial polarization, which exists in the inhomogeneous dielectrics [29] . Figure 6 (c) shows the dielectric loss tangent ( tan  ) as a function of frequency (100 Hz-1 MHz) for all the prepared ferrites. The dielectric loss tangent decays with increasing frequency up to a certain optimum and remains constant at higher frequencies. The initial decrease in tan  values can be explained based on phenomenological model. The dielectric losses in ferrites are generally reflected in the resistivity, i.e., materials with low resistivity exhibit high dielectric loss and vice versa [23] . The decrease of loss tangent with increasing Co content is due to the exchange of electrons between Fe 2+ and Fe 3+ , which is responsible for the conduction mechanism in ferrites.
The response of AC resistivity to external applied field frequency for all ferrite samples is shown in Fig.  6(d) . Decrease in AC resistivity with increase in frequency is observed for all the ferrite samples. At lower frequency, the grain boundaries are more active, and hence the hopping frequency of electrons between Fe 3+ and Fe 2+ ions is less. At higher frequencies, the conductive grains become more active by promoting the hopping of electrons between Fe 3+ and Fe 2+ ions therefore increasing the hopping frequency [30] . Fig.   7(a) . The normalized susceptibility of as-prepared ferrites almost remains constant up to certain temperature and thereafter a sharp decrease in the susceptibility values is observed up to near Curie temperature. This indicates the absence of impurity phases in the ferrite samples which is also confirmed from XRD studies. The undisturbed normalized susceptibility up to Curie temperature is because the available thermal energy is not sufficient to disturb the aligned moments of spins. This behavior has confirmed the ferrimagnetic nature of as-prepared ferrites. However, above the Curie temperature, the decrease in susceptibility is attributed to the disturbance in moment alignment. This is an indication of ferrimagnetic to paramagnetic state transition. Further, the temperature invariance of normalized AC susceptibility up to Curie temperature for ferrite samples confirms the multi-domain particles' composition.
5 Magnetic properties
AC susceptibility studies
The values of Curie temperature for all the ferrite samples are given in Table 3 . The Curie temperature is found to increase with increase in cobalt content in Mg-Cu-Zn ferrite due to the replacement of nonmagnetic Mg 2+ ions by Co 2+ ions which causes the increase in ferrimagentic region, and at the same time the decrease in paramagnetic region. It is because the Co 2+ has preference occupancy at octahedral site and when it replaces the Mg 2+ at octahedral site, an enhancement in magnetic interaction at octahedral site occurs [31] . Above the Curie temperature, a complete disordered state as well as the magnetization destruction is observed. The strong exchange interaction in the case of ferrite sample with x = 0.25 due to high content of Co 2+ results in the highest Curie temperature compared to the other samples. 
Magnetization
The preferential occupancy of the cations, composition, microstructure, and density of ferrites strongly influence their magnetic properties like saturation magnetization, coercivity, and remenance. The typical hysteresis loops of as-prepared ferrites at room temperature are shown in Fig. 7(b) . The magnetic hysteresis confirms the prepared ferrite material is magnetically ordered. The values of saturation magnetization ( s M ), coercivity ( c H ), and remenance for all the ferrite compositions are given in Table 3 .
An increase in Co 2+ content results in increase in the saturation magnetization.  , respectively. The magnetic moment in ferrites is mainly from the parallel uncompensated electron spin of the individual ions, and the spin alignments in the two sublattices are arranged antiparallel. Also, the A-B exchange interaction is predominant over the A-A and B-B interactions [33] . The saturation magnetization of Co-Cu-Zn (x = 0.25) is larger than Mg-Cu-Zn (x = 0) which is attributed to the high magnetic moment and high magneto-crystalline anisotropy exhibited by Co [34] . However the relative density of Mg-Cu-Zn ferrite is larger as compared to Co-Cu-Zn ferrite which confirms the high sintering ability of Mg-Cu-Zn ferrite.
The enhancement in saturation magnetization is mainly due to the substitution of magnetic Co 2+ ions with nonmagnetic Mg 2+ ions. The observed variation in saturation magnetization can be explained based on cation distribution and the exchange interactions between A-and B-sites. In Mg-Cu-Zn ferrite, the stable Zn 2+ ions occupy the A-sites only. By substituting Co 2+ ions for Mg 2+ on the octahedral sites (B-sites), an increase in the magnetization of B sub-lattice takes place, which leads to increased saturation magnetization of the material. This is due to the fact that, Co 2+ strongly influences the coercivity. Moreover, the crystallite size and particle size also influence the coercivity. If the volume of the particle is reduced in such a way that it contains only single domain, then its change in magnetization takes place by rotation only, as a result of which the coercivity increases. The coercivity ( c H ) in general is a measure of magnetization reversal process under the action of an applied field and depends strongly on particle size and crystalline anisotropy constant.
The values of experimental magnetic moment ( ) (expt.), theoretical (th.), and probable cation distribution are given in Table 4 . The experimental magnetic moment is increased with increase in Co Fig. 8(b) and their values are presented in increases with substitution of cobalt. In the ferrite materials, magnetic losses are due to phase lag of domain wall motion with respect to the applied AC magnetic field. The variation of magnetic loss factor with temperature is shown in Fig. 8(c) . For all the ferrite samples, the loss factor almost remains constant up to a certain temperature; thereafter a drastic increase in the loss factor is observed. It is well known that the higher the value of initial permeability, the lower the value of loss factor, and accordingly the sample with x = 0.05 exhibits the lowest value of loss factor at room temperature.
Conclusions
In conclusion, the fine particles of Mg 0.25-x Co x Cu 0.25 Zn 0.5 Fe 2 O 4 (0 ≤ x ≤ 0.25) ferrites were successfully synthesized using citrate gel autocombustion route. The properties of parent ferrite were improved by the addition of cobalt. Structural analyses revealed the formation of compact microstructures of all the ferrites. The substitution of Co 2+ ions showed strong impact on the electric transport, dielectric, and magnetic properties of the parent ferrite. Initial permeability studies confirmed the multi-domain nature of the grains. Based on the conducted investigations and obtained results, Co 2+ substituted Mg-Cu-Zn ferrites may be suitable for microwave absorption applications with enhanced magnetic properties.
